The western corn rootworm, Diabrotica virgifera virgifera LeConte, is the most important insect of maize, Zea mays L., but knowledge of its interaction with water deficit on maize production is lacking. A series of greenhouse experiments using three infestation levels of the western corn rootworm, D. virgifera virgifera, under well-watered, moderately dry, and very dry soil moisture levels were conducted to quantify the interaction of western corn rootworm and soil water deficit on B73 Â Mo17 maize growth and physiology. Three separate experiments were conducted. Soil moisture regimes were initiated 30 d postplanting for experiments using neonate and second-instar larvae and 30 d postinfestation in the experiment using eggs. In the neonate and second-instar experiments, there were no significant differences among western corn rootworm levels in their effects on leaf water potential, shoot dry weight, and root dry weight. The interaction of western corn rootworm and soil moisture significantly impacted the larval recovery in the neonate experiment, but no other significant interactions were documented between soil moisture levels and rootworm infestation levels. Overall, the results indicate that under the conditions of these experiments, the effect of water deficit was much greater on plants than the effect of western corn rootworm and that the interactions between water deficit and western corn rootworm levels minimally affected the measured parameters of plant performance.
There are numerous biotic factors (e.g., insect herbivores, pathogens) and abiotic factors (e.g., drought, temperature, floods) that influence plant growth and production. Maize (Zea mays L.), like other crops, is faced with challenges from many biotic and abiotic sources of stress, which can affect biomass production and grain quantity and quality (yield). Individual stressors may cause economically important yield losses on their own, while multiple stressors can cause much greater loss. Globally, maize production losses caused by arthropods are estimated to be at least 12% (Vaadia 1985 , Culy 2001 , while abiotic stresses such as drought, heat, and salinity can cause up to 50% yield loss for most of the major plant crops in some areas (Wang et al. 2003 ). The differences between record and average yields can be as much as fourfold and can be explained by the combined effects of insect damage, diseases, and unfavorable environmental conditions (Boyer 1982) .
Improvements to average yields are needed to feed a growing human population.
The western corn rootworm, Diabrotica virgifera virgifera LeConte, is an example of an important biotic stress factor. It is a key maize insect pest causing up to US$2 billion annually in yield loss and management costs in the United States (Mitchell 2011) and an estimated E472 million in Europe (Wesseler and Fall 2010) . The soil-dwelling larvae principally affect the growth and productivity of maize by feeding on the roots. Severe root damage impacts the ability of the maize plant to access and take up water and nutrients (Owens et al. 1974 , Spike and Tollefson 1989 , Riedell 1990 , Hou et al. 1997 ). However, leaf water potentials have been found to be higher (plants less stressed) in response to moderate western corn rootworm larval feeding (Riedell 1990) , perhaps owing to compensatory growth of the roots. Heavy larval infestations can cause extreme "goose-necking" or lodging of maize stalks because all roots function as support for the plant and damage to adventitious root axes (nodal root whorls) including "brace roots" that develop from the first aboveground node erodes that support and decreases stalk stability. Lodging also results in a reduction of photosynthesis because leaves are no longer oriented for the efficient interception of light (Riedell 1990 , Spike and Tollefson 1991 , Godfrey et al. 1993 ). An additional yield loss component results from the difficulties encountered during the mechanical harvest of lodged corn. Injured roots are also more likely to develop root fungal diseases and facilitate the entry and infection by stalk fungal pathogens (Palmer and Kommedahl 1969, Kurtz et al. 2010 ). Furthermore, adult western corn rootworms feed on leaves, pollen, and silk and can cause "silk clipping," which reduces pollination and causes lightly filled ears when heavy feeding occurs before pollen shed (Culy et al. 1992) .
Drought is one of the most important abiotic factors affecting global crop productivity (Boyer 1982, Kramer and Boyer 1995) . The average loss incurred during a single drought event in the United States was estimated at US$9.5 billion from 1980 through 2013 (National Oceanic and Atmospheric Administration [NOAA] 2015, Smith and Matthews 2015) . The 2012 drought in the United States was the most intense and extensive in decades (Boyer et al. 2013) and was estimated to cost US$31 billion for U.S. agriculture (NOAA 2014) .
The impact of drought stress on plant growth and physiology depends on the timing, duration, and intensity of the stress (Sanchez-Diaz and Kramer 1971 , Hsiao 1973 , Saab and Sharp 1989 . Water stress during seedling development delays leaf emergence, vegetative growth, and root growth (Denmead and Shaw 1960 , Abrecht and Carberry 1993 , Ma et al. 2010 ). Loss of cell turgor resulting from drought decreases cell expansion, thereby affecting plant growth (Taiz and Zeiger 2002) . Physiological traits that change in plants in response to drought include tissue water potentials, stomatal conductance, and hormone levels (Tiaz and Zeiger 2002) . Under water deficit stress, water potential decreases as a result of decreased turgor pressure and osmotic potential. Change in water potential affects growth of leaves (Boyer 1968 , 1982 , Acevedo et al. 1979 ) and roots (Sharp and Davies 1985) . Maize roots can maintain growth at lower water potentials than those that inhibit shoot growth (Westgate and Boyer 1985) . The primary root of maize maintained elongation at a water potential of À1.6 MPa, while shoot growth was inhibited at a water potential of À0.8 MPa (Sharp et al. 1988 ). The opening and closing mechanism of stomata is controlled by the turgor pressure of the guard cells which surround the stomatal pore (Taiz and Zeiger 2002, Farooq et al. 2009 ). Stomatal conductance itself affects water potential by changing the transpiration rate (Passioura 1980) . Poor soil moisture affects not only plants but also soil insects. Initial host location, larval establishment on a host, and movement between maize roots by western corn rootworm larvae are dependent on specific soil moisture ranges (MacDonald and Ellis 1990, Strnad and Bergman 1987a, b) . MacDonald and Ellis (1990) found that movement of neonate western corn rootworm was the greatest at soil moisture levels between 24 and 30% w/w and that it was restricted in saturated (36% w/w) and very dry (<18% w/w) soils.
The effect of drought on plant and insect relations is an evolving field. White (1969) proposed the "Plant Stress-Insect Performance Hypothesis." This hypothesis suggests that plants under prolonged drought stress become more suitable for insect herbivores because under drought stress free amino acids accumulate and free nitrogen increases as a result of physiological changes. This greater availability of nitrogen presumably would improve insect growth and reproduction. Huberty and Denno (2004) suggested that the key is plant turgor pressure and water content. They suggested that positive turgor pressure is necessary for phloem feeders to extract the newly available nitrogen. Prolonged drought negatively affected turgor pressure, but a short period of drought stress followed by a period with no drought stress led to the recovery of cell turgor and thus allowed the sap feeder to benefit from the available nitrogen. From this analysis, they proposed the "pulsed stress hypothesis." They suggested that fluctuation of plant stress allows sap feeders to access and get benefit from the free nitrogen (Huberty and Denno 2004) .
Roots can exhibit the same physiological changes under drought stress as exhibited by the aboveground parts, including free amino acid accumulation (Voetberg and Sharp 1991) and sugar accumulation (Sharp et al. 1990, Mohammadkhani and Heidari 2008) , and these changes should be advantageous for root herbivores. However, the degree that these factors are advantageous will depend on the availability, quality, and quantity of the nutritional factors involved. For instance, root toughness or lignification under drought (Fan et al. 2006 ) may affect negatively on insect feeding. Roots under stress from drought and feeding by root herbivores may release other secondary metabolites. For example, Vaughan et al. (2015) documented that drought-induced phytoalexins (zealexins and kauralexins) accumulate in the maize roots. Meanwhile, feeding by root herbivores increases nitrogen and carbon reallocation in the plant from the root to the shoot (Newingham et al. 2007 , Robert et al. 2014 . The relationship between soil moisture, western corn rootworm injury, and the impact of rootworm injury on maize is complicated (Spike and Tollefson 1989) . Root regrowth after attack from western corn rootworm can positively affect yield when soil moisture is low, but can negatively affect yield when soil moisture is adequate (Gray and Steffey 1998) . Mahmoud (2015) found that stomatal conductance and leaf water potential was greater (indicating less stress) when under moderate western corn rootworm infestation than for uninfested field plots. However, other studies have demonstrated that the interaction of soil moisture and western corn rootworm larval feeding had a significant negative effect on photosynthesis and stomatal conductance (Hou et al. 1997) . Moderate western corn rootworm larval feeding imposed well before anthesis (V12 maize developmental stage) resulted in decreased stomatal conductance (indicating greater stress) at the tassel stage (Dunn and Frommelt 1998, Riedell and Reese 1999) . In the 2012 drought, maize yields at specific locations in Illinois were up to 53.5-fold greater for rootworm-protected hybrids than in the same background genetics without the transgenes producing the Bt proteins that are toxic to rootworms (Tinsley et al. 2015) . This level of yield loss is much greater than the loss that would be expected from a location with average moisture and the same level of damage (Tinsley et al. 2013 (Tinsley et al. , 2015 . However, there was no well-watered control in this study, so the relative contribution of drought and rootworm damage could not be quantified.
With the potential for catastrophic interactions under specific field conditions (Tinsley et al. 2015) , we wanted to quantify potential interactions between western corn rootworm infestation and water deficit stress under controlled conditions: comparing plants with and without western corn rootworm infestation under either well-watered or drought conditions. Soil moisture and western corn rootworm each affects maize performance when applied singly, but, in light of previous data (Tinsley et al. 2015) , our hypothesis was that if drought and rootworms both occur simultaneously, there will be a synergistic negative effect on maize performance. To test this hypothesis, our objective was to quantify the interaction by measuring maize performance when exposed to various western corn rootworm infestation and drought levels. In addition, we also monitored western corn rootworm development during the experiment to quantify insect performance in relation to soil water deficits.
Materials and Methods
A series of three independent greenhouse experiments were performed to assess the potential interactions between soil moisture and rootworm feeding on maize performance and western corn rootworm development. For all experiments, we used the maize hybrid B73 Â Mo17 because B73 is the inbred line that serves as the reference sequenced genome, and many modern lines are based on its hybrid with Mo17. For each experiment, we manipulated soil moisture regimes and western corn rootworm infestation levels in a factorial arrangement as described later. The developmental stage of the released rootworms differed for each experiment to quantify the interaction of each stage with the effect of water deficit on maize performance. The experiment duration and plant phenology used also differed. In the first experiment (Experiment 1), plants were infested with newly hatched (neonate) larvae. This experiment was conducted in three separate trials with five treatment replications per trial. Two trials were conducted 1 wk apart, whilst the third trial was conducted $50 d later. In the second experiment (Experiment 2), plants were infested with second-instar western corn rootworm larvae. As in Experiment 1, three trials were conducted with five replications of each treatment per trial. Again, two trials were conducted 1 wk apart, whilst the third trial was conducted 50 d later.
Conducting multiple trials improved the logistics of daily pot weighing and allowed assessment of the repeatability of the study. In the third experiment (Experiment 3), plants were infested with western corn rootworm eggs. This experiment was conducted in one trial with 10 replications.
Growing Conditions
All experiments were performed using a 3 Â 3 (three soil moisture levels Â three western corn rootworm infestation levels) factorial treatment arrangement in a randomized complete block design. Maize seeds (B73 Â Mo17) were planted in 3.8-liter clay pots for Experiments 1 and 2 and 9.9-liter plastic pots in Experiment 3 (experiments described later). Drainage holes were covered with 114 -lm stainless steel mesh screen (TWP, Berkeley, CA) to prevent larvae from escaping . All experiments were conducted using a photoperiod of 14:10 (L:D) h achieved with natural light and augmented with growth lights (400 watt high pressure sodium lamp, Voigt lighting industries, Philadelphia, PA). Greenhouse air temperature was recorded hourly for each experiment using a single-channel data logger with internal temperature sensor (HOBO, model H08-001-02, Bourne, MA); the greenhouse average daily temperatures were 25.5 6 0.3 C (28.7 6 0.4 C maximum, 23.4 6 0.3 C minimum). The growth medium was a 2:1 mixture (by volume) of autoclaved field-collected soil and ProMix BX, general purpose potting soil (Premier Horticulture Inc., Quakertown, PA). Before planting, 2.0 kg (dry weight) of soil mix were added to the pots for Experiments 1 and 2, and 8.0 kg soil mix were added to larger pots in Experiment 3 because the duration of the experiment was longer and plants would grow larger. Each pot was planted with two maize seeds, and following seedling establishment, plants were thinned to one plant per pot. Plants were fertilized after 15 and 30 d with the recommended indoor dose of Miracle-Gro All Purpose Plant Food 24N-8P-16K (The Scotts Miracle-Gro Products, Inc., Marysville, OH). The experimental unit for each experiment was a single pot containing a single plant.
Western Corn Rootworm Infestation
Experiment 1: Neonate Larvae Western corn rootworm neonate larvae used for this study were from the primary, nondiapausing colony established by USDA-ARS North Central Agricultural Research Laboratory, Brookings, SD. Ten days before infestation, eggs were placed in 15-by 10-cm-plastic oval containers (708 ml, The Glad Products Company, Oakland, CA). Containers were filled $4 cm deep with a growth medium of 2:1 autoclaved soil from the field and ProMix (Premier Horticulture Inc., Quakertown, PA). Containers were placed in a growth chamber at 25 C and monitored for hatching. Thirty days after planting, V5 stage plants (Ritchie et al. 1992) were infested with newly hatched, unfed neonate larvae by careful transference from the hatching containers using a camel hair brush into a depression in the soil 2.5 cm from the base of the shoot. Infestation levels used were no infestation (0), low infestation (20 individual larvae), and high infestation (70 individual larvae) of neonate larvae. The number of larvae used for this and the other experiments was based on experience with a series of previous greenhouse studies Oyediran et al. 2004 Oyediran et al. , 2005 Behl et al. 2008; Meihls et al. 2008; Olmer and Hibbard 2008) . After infestation, the small depression was covered with soil. The experiment ended 15 d after infestation when most larvae were third instar (larval recovery and other trait measurements are described later).
Experiment 2: Second-Instar Larvae
As neonate larvae consume only a small amount of root tissue compared with second-and third-instar larvae, we wanted to see if more damage throughout the experiment would reveal any interactions between western corn rootworm infestation and soil moisture levels. Five days before infestation, newly hatched neonate larvae were transferred with a camel hair brush to 15-by 10-cm plastic containers (The Glad Products Company) with germinated maize seedlings (V2) as a food source (100 neonates per container). After 4 d, larvae were recovered from the seedling mats using modified Tullgren funnels equipped with 60-W light bulbs. Seedlings were cut at their base, and the soil and root mat were gently broken up to promote faster drying. The larvae were collected in 473-ml glass jars containing 5 cm water attached to the funnels. The next morning (after 16-20 h), the recovered 5-d-old second-instar larvae were carefully transferred to the pots as described in Experiment 1. The three western corn rootworm infestation levels were no infestation (0), low infestation (10 larvae), and high infestation (40 larvae). To recover the larvae before pupation, the experiment was terminated 10 d postinfestation (larval recovery and other trait measurements are described later).
Experiment 3: Eggs, Delayed Drought
We designed this experiment to quantify maize response to soil moisture and western corn rootworm infestation over a longer period of feeding (from egg hatch through pupation) to more closely simulate field conditions. Soil moisture regimes were applied shortly after expected rootworm pupation so as to more closely match the staggered timing of herbivore emergence and drought conditions in the field.
Ten days after planting (V2 developmental stage), plants were infested with 0, 70, or 150 western corn rootworm eggs for the uninfested, low infestation, and high infestation treatments, respectively. Eggs were suspended in 0.15% agar (CAS9002-18-0, USB Corporation, Cleveland, OH) solution and placed in a depression in the soil near the base of the shoot using a pipette to facilitate larval access to the root. The depression was subsequently covered with soil. The hatch percentage and timing of hatching were monitored with a subsample of the eggs placed on moistened filter paper in Petri dishes near the pots: hatch percentage was (67%). Three weeks postinfestation, pots were covered with mesh to prevent beetle escape, and adult emergence was monitored (Meihls et al. 2008) . For adult recovery, each pot was checked a minimum of twice per week for emergence until no adults were collected for two consecutive weeks. Beetles were stored in 95% ethanol until processing for head capsule width and dry weight measurements.
Soil Moisture Regimes
Three soil moisture regimes were used for each experiment: "very dry" which simulated a long-term drought, "well-watered" which simulated optimum soil moisture for maximum plant yield, and "moderately dry" which simulated moderate drought. These were achieved by careful monitoring of the pot weight and wilting symptoms of the plants during the experiments. Before starting the soil moisture regimes, plants were watered regularly to maintain optimum growth. In Experiments 1 and 2, all plants were irrigated to saturation 29 d postplanting. The next day, when plants were in the V5 stage (Ritchie et al. 1992) , initial wet weight of the whole pot (including the growing plant) was recorded using a digital scale (Model V51PH30, Hogentogler & Co. Inc., Columbia, MD). All pots were weighed every day to monitor soil moisture. Soil moisture deficit regimes began immediately after infestation with western corn rootworm larvae. For the well-watered treatment, water was added to maintain the initial total wet weight of the whole pot. For the moderately dry treatment, water was added only when 40% of the plants exhibited wilting symptoms such as curling or rolling of leaves. At that point, water was added to bring the weight back to the initial total wet weight of the whole pot. The time period between each irrigation event for the moderately dry treatment was between 3-4 d. For the very dry treatment, no water was added after infestation.
In Experiment 3, soil moisture regimes were initiated 4 wk postinfestation. All plants were irrigated to saturation. The next day, initial total wet weight was recorded, and all pots were then weighed every other day. For the well-watered treatment, water was again added to bring the weight up to the initial total weight. The moderately dry and the very dry treatments were adjusted to more resemble possible conditions of a rain-fed field. For the moderately dry treatment, pots received only 50% of the water required to bring the pot to the initial wet weight after 40% of the plants exhibited curling or rolling of leaves symptoms. For the very dry treatment, water was added only when all plants exhibited curling or rolling of the leaves for four consecutive days, and only 25% of the water required to bring the pot up to the initial wet weight was added.
Measurements
Leaf Water Potential For Experiments 1 and 2, leaf water potential was measured on the final day of each trial using a pressure chamber (Model number 670, PMS Instruments, Albany, OR). Measurements were taken as close as possible to solar noon by excising the apical 10 cm of the flag leaf. For Experiment 3, leaf water potential was measured six times throughout the experiment at solar noon. Two measurements were made on 16 and 1 d before initiating the soil moisture regime, and four measurements were made after initiation of soil moisture treatments, each 15 d apart.
Stomatal Conductance
In Experiments 1 and 2, abaxial stomatal conductance was measured using a leaf porometer (version 8, 2005-2010 Decagon Devices, Inc. Pullman, WA) twice every day for the duration of the experiments. The first measurement on each sample day was made at 11:00 a.m., before adding water to any treatment, and the second measurement was made at 4:00 p.m. Readings were taken from the uppermost completely expanded (with a visible leaf collar) leaf on either side of the midvein. Experiment 3 extended for a longer duration, so stomatal conductance was measured six times throughout the experiment at 9 a.m. These measurements started 16 d before initiating the soil moisture regimes and were 15 d apart.
Shoot Dry Weight
Shoot dry weight was measured by sampling all aboveground biomass and allowing it to dry. For Experiments 1 and 2, where shoots were smaller, they were placed in a drying oven (Thelco model 16, GCA/ Precision Scientific Co., Chicago, IL) at 37.8 C temperature before weighing. For Experiment 3, shoots were air-dried in the greenhouse with the cooling system turned off before weighing. Peak temperatures exceeded 50 C under these conditions. For all experiments, shoot dry weight was monitored until it reached a constant weight, and then was recorded.
Root Damage Rating
For Experiment 3, at the termination of the experiment, roots were thoroughly washed from the attached soil and rated for western corn rootworm damage using the 0-3 node injury scale (Oleson et al. 2005 ). On this scale, a rating of zero translates to no damage, and a rating of three translates to at least three nodes of adventitious root axes (nodal root whorls) pruned to within 6 cm of the stalk.
Root Dry Weight
After larval or adult recovery was completed in all experiments, the roots were thoroughly washed to remove attached soil. For Experiments 1 and 2, roots were placed in an oven (Thelco model 16, 80 GCA/ Precision Scientific Co., Chicago, IL) at 37.8 C to dry. Root weights were monitored until they reached a constant weight and then recorded for analysis. For Experiment 3, after rating roots for damage, roots were air-dried in the greenhouse with the cooling system turned off. Peak temperatures exceeded 50 C under these conditions. Root weights were monitored until they reached a constant weight and then recorded for analysis.
Larval Recovery
In Experiments 1 and 2, larvae were recovered after cutting the shoot from the base. The whole below ground portion of the plant (root mass and surrounding soil) was placed inside a modified Tullgren funnel, which was equipped with a 60-W light bulb and attached to 473-ml glass jars containing 5 cm of water. The root system was gently broken slightly to speed the drying process by spreading the soil throughout the funnel. After 2 and 4 d, larvae were collected from the jars, larval number recorded, and stored in 95% ethanol until further processing.
Head Capsule Width and Larval Dry Weight Each sampled larva (or adult for Experiment 3) was measured for head capsule width using an ocular micrometer (10/21, Wild Co., Heerbrugg, Switzerland) mounted on a microscope (M3Z, Wild Co., Heerbrugg, Switzerland). The remaining 95% ethanol was poured off the vials. The vials with caps off were placed in a desiccating oven (Thelco model 16, GCA/ Precision Scientific Co.) at 37.8 C for 7 d. Larval and adult dry weights were measured using an analytical scale.
Statistical Analysis
Experiments 1 and 2 A test of homogeneity of the error mean square for the three trials was conducted first. For this, variance differences among trials were calculated to determine the proper transformation as outlined by Snedecor and Cochran (1989) . The transformation log 10 (x þ 1) or sqrt (x þ 0.5) that stabilized variance among trials was chosen from the analysis. If both the untransformed data and both sets of transformed data did not show homogeneity of variance, a ranked transformation was used (Conover and Iman 1981) . The water potential and larval recovery from Experiment 1 and shoot dry weight from Experiment 2 were analyzed as rank-transformed data, while all the other variables from both experiments were analyzed using log 10 transformed data. For data sets with small values (2 and less; larval dry weight), log 10 (x þ 0.1) was used, and for data with larger means, log 10 (x þ 1) was used.
For all data with the exception of stomatal conductance, treatments were arranged as a 3 Â 3 (soil moisture level Â infestation level) factorial within each trial, and all data were analyzed using a one-way analysis of variance (ANOVA) as a randomized complete block within each trial. After pooling trials together, the model statement contained the fixed effects of trial, soil moisture, infestation level, and all possible interactions. The random effect of replicate within trial was used for the denominator of F to test trial. All other fixed effects used the residual mean square. PROC MIXED of the SAS statistical packages (SAS Institute 2008) was used. Trial 3 was removed from the analysis of larval dry weight for Experiment 1 because of the large number of missing values for the very dry treatment for all infestation levels.
For stomatal conductance, data were analyzed using a repeatedmeasures ANOVA design. The data were analyzed as a randomized complete block split plot in time as outlined by Littell et al. (1998) . The fixed effects were arranged as a 3 Â 3 Â 10 Â 2 factorial (soil moisture level Â infestation level Â sample day Â sample time). The combination of trial and replication were considered as a block. The linear statistical model contained the main plot effect of soil moisture level by infestation level, the subplot effect of sample time, and all possible interactions with the main plot effects. The denominator for the main plot effects was replication Â trial within soil moisture and infestation levels. The denominator of F for the subplot effect was the residual mean square.
Experiment 3
Shoot dry weight, root dry weight, plant height, root damage ratings, adult recovery, and beetle size data were analyzed as earlier, except only one trial was conducted, so trial was removed from the model. Treatments were arranged as a 3 Â 3 (soil moisture level Â infestation level) factorial, and all data were analyzed using an analysis of variance (ANOVA) as a randomized complete block. The model statement contained the fixed effects of soil moisture, infestation level, and their interaction. The random effect of replicate was used for the dominator of F. All other fixed effects used the residual mean square. PROC MIXED of the SAS statistical packages (SAS Institute 2008) was used. Leaf water potential and stomatal conductance data were analyzed as a repeated-measures ANOVA design. The data were analyzed as a randomized complete block. The fixed effects were arranged as a 3 Â 3 Â 6 factorial (soil moisture level Â infestation level Â sample day). The linear statistical model contained the fixed effects of soil moisture, infestation level, and all possible interactions. The random effect of replicate Â replicate within soil moisture and infestation levels was used for the denominator of F. All other fixed effects used the residual mean square.
Results

Experiment 1: Neonate Larvae
Leaf Water Potential Leaf water potential was significantly impacted by soil moisture level and soil moisture level Â trial (Table 1) . For all three trials, the plants from the very dry treatment were significantly more stressed (more negative leaf water potential) than the well-watered treatment, but the moderately dry treatment was significantly different between trials. All three soil moisture treatments were significantly different from each other in the combined analysis ( Fig. 1A) .
Stomatal Conductance
Stomatal conductance was impacted by soil moisture level, sample day, sample time, the interaction of soil moisture level Â sample day, sample day Â sample time, and soil moisture level Â sample day Â sample time (Table 1) . Neither western corn rootworm infestation level nor their interaction with any factor affected the stomatal conductance. In general, stomatal conductance went down over time and was lowest for the very dry treatment (data not shown).
Shoot Dry Weight and Root Dry Weight
Soil moisture level, trial, and their interaction significantly impacted shoot and root dry weight (Table 1 ). In all three trials, shoots from the very dry treatment weighed significantly less than those from the wellwatered treatment, but the moderately dry treatment varied in its significance between trials. For root dry weight, there was no significant difference between soil moisture levels for one of the trials, but there was for the other two trials, accounting for the effect of trial. Roots and shoots from the very dry treatment weighed significantly less than the other two treatments ( Fig. 1B and C) . Infestation level did not significantly impact shoot or root weight (Table 1) .
Larval Recovery, Larval Dry Weight, and Head Capsule Width
Larval recovery was significantly impacted by all factors except trial (marginally not significant) and the three-way interaction of soil moisture level Â infestation level Â trial (Table 1) . The third trial had almost no larval recovery from the very dry treatment, which accounts for the significance of the trial Â soil moisture interaction. The soil moisture Â infestation level interaction can be seen by the varying responses of each infestation level to the two soil moisture levels ( Fig. 2A) . For the very dry treatment, significantly fewer larvae were recovered from the high infestation level than from the other two soil moisture levels at the high infestation level. At the low infestation level, there were no differences between soil moisture levels in the number of larvae recovered ( Fig. 2A) . For larval dry weight, infestation level was the only factor providing a significant impact (Table 1) . Larvae recovered from the lower infestation level weighed significantly more than those from the higher infestation level and soil moisture level did not significantly impact this difference ( Fig. 2B ). Larval head capsule width was significantly impacted by soil moisture level and infestation level; no other factors significantly affected larval head capsule width (Table 1) . Larval head capsule width from the lower infestation level was significantly larger than those from the higher infestation level.
Experiment 2: Second-Instar Larvae
Leaf Water Potential Leaf water potential was significantly impacted by soil moisture level, trial, and their interaction ( Table 2) . Western corn rootworm infestation levels and all treatment interactions with infestation level did not significantly impact water potential (Table 2) . For all three trials, plants in the very dry treatment were significantly more stressed than those from the well-watered treatment. However, leaf water potentials of plants in the moderately dry treatment varied between trials in terms of whether the data were closer to the wellwatered or very dry treatment, accounting for the significant effect of trial. When the three trials were combined, the leaf water potential of plants between each soil moisture level was significantly different from each other (Fig. 3A) .
Stomatal Conductance
Stomatal conductance was impacted by soil moisture level, sample day, sample time, the interaction of soil moisture level Â sample day, sample day Â sample time, and soil moisture level Â time Â sample day. The only factors not to significantly impact stomatal conductance were western corn rootworm infestation level and all treatment interactions with infestation level (Table 2) . Stomata were primarily closed during the last three sampling days for the uninfested and low infestation treatments at 11:00 a.m. Stomatal conductance was low for the very dry treatment at 4:00 p.m. compared with the well-watered treatment.
Shoot Dry Weight
Shoot dry weight was impacted by soil moisture level, trial, and the interactions of soil moisture level Â trial, and infestation level Â trial (Table 2) . Although the effect of soil moisture on shoot dry weight varied between trials for the moderately dry treatment, the well-watered treatments consistently weighed more than the very dry treatments for each trial. For the third trial, shoot dry weight was significantly greater than for the other two trials. Infestation level made a small, statistically significant difference in shoot dry weight in the first trial, but not for the other two. When trials were combined, the very dry treatment weighed significantly less than both the well-watered and the moderately dry treatments, and this difference was not impacted by rootworm infestation level (Fig. 3B ).
Root Dry Weight
Root dry weight was impacted by trial and soil moisture level Â trial (Table 2) . Roots for the third trial weighed more than double that obtained from roots for the other two trials. The effect of soil moisture on root dry weights varied considerably between trials. For the first trial, roots from the well-watered treatment weighed significantly less than those from the very dry and moderately dry treatments. For the final two trials, roots from the well-watered treatments weighed significantly more than roots from the very dry treatments. When the data from each trial were combined, no differences were found for root dry weights between soil moisture or infestation levels (Fig. 3C ).
Larval Recovery, Larval Dry Weight, and Head Capsule Width
Larval recovery was impacted by infestation level and the three-way interaction of soil moisture level Â infestation level Â trial (Table 2) . Trial did not impact the effect of soil moisture on larval recovery at the low infestation level, but did at the high infestation level. For the second trial only, the well-watered treatment had significantly more larvae recovered than from the very dry treatment, which accounted for the significant three-way interaction. When data for trials were combined, significantly more larvae were recovered from the high infestation than the low infestation level (Fig. 4A ), but no other significant differences were found. Larval dry weight was impacted by infestation level and the interaction of soil moisture level Â trial (Table 2) . For trial 1, larvae from the well-watered treatment were significantly smaller than from the very dry treatment. For trial 2, larvae from the well-watered treatment were significantly larger than from the moderately dry treatment. No differences were found in larval size between soil moisture levels for trial 3. When trials were combined, larvae from the high infestation treatments were significantly smaller than larvae from the low infestation level treatments (Fig. 4B) , but soil moisture level did not impact this (Fig. 4B) . No factors significantly impacted larval head capsule width (Table 2) .
Experiment 3: Eggs and Delayed Drought
Leaf Water Potential Leaf water potential was significantly impacted by soil moisture level, infestation level, sample day, and the interactions of soil moisture level Â sample day, and infestation level Â sample day (Table 3) . As expected, leaf water potentials were the same for all treatments early in the experiment, i.e., before the initiation of drought (Fig. 5) . Overall plant stress, as indicated by increasingly negative leaf water potential, was greater for maize plants without western corn rootworm infestation than for maize plants with western corn rootworm larvae feeding on their roots (Fig. 5A) , especially on the 31 July sample date. The same effect was observed for the moderately dry treatment (Fig. 5B ). As expected, well-watered plants were less stressed than the other two treatments (Fig. 5C ).
The infestation level Â sample day and soil moisture level Â sample day interactions can be seen in the differences between the infestation level and the soil moisture level through the sampling days (Fig. 5 ).
Stomatal Conductance
Soil moisture level, sample day, and the interaction of soil moisture level Â sample day significantly impacted stomatal conductance (Table 3) . Western corn rootworm infestation levels and their interactions did not have a significant impact on stomatal conductance. Overall, regardless of the western corn rootworm infestation level, the stomata were almost completely closed for all treatments for the last three sampling dates (Fig. 6 ).
Root Damage Rating
As expected, the main effect of infestation level significantly impacted the root damage rating, but soil moisture level and the interaction of soil moisture level and infestation level did not impact root damage (Table 3) . Soil moisture levels were not imposed until after larval feeding was complete, so it is not surprising that they had no effect on root damage (Fig. 7A ).
Shoot Dry Weight and Root Dry Weight
Soil moisture level significantly impacted shoot and root dry weight, but western corn rootworm infestation levels and their interaction with soil moisture level did not (Table 3 ). The greatest shoot dry weight was recorded for plants under the well-watered treatment, which weighed significantly more than shoots from the other soil moisture treatments (Fig. 7B ).
Adult Recovery
Neither soil moisture, infestation level, nor their interaction significantly impacted the number of beetles collected or their dry weight (Table 3) . However, nominally more beetles emerged from the wellwatered treatments than from the very dry treatments (Fig. 8) .
Discussion
In the current study, maize growth was greatly impacted by soil moisture. In contrast, although western corn rootworm levels occasionally affected some maize characteristics, the interaction between western corn rootworm infestation level and soil moisture level was not significant for any maize factors evaluated in any of the experiments except larval recovery in Experiment 1. Overall, the effect of soil moisture was much greater than that for western corn rootworm. For some of the parameters evaluated in Experiments 1 and 2, such as leaf water potential, stomatal conductance, shoot dry weight, root dry weight, larval recovery, and larval dry weight, the All data were log-transformed to meet the assumption of normality.
interaction between trial and soil moisture level, or trial and infestation level were significant. This primarily related to differences between the three trials for the moderately dry treatment.
Regardless of the lack of a significant overall interactive effect of soil moisture Â western corn rootworm on maize growth, rootworms did add some interesting complexity to the results. For instance, in the soil moisture deficit treatments for Experiment 3, plants without western corn rootworm infestation were more stressed, as indicated by leaf water potential, than plants with moderate and high infestation levels for most comparisons for the last three sample dates ( Fig. 5A and B ). Riedell and Reese (1999) reported that western corn rootworm larval feeding helped speed the growth of adventitious root axes in the nodes just above the damaged roots. In addition, they documented that there was compensatory root regrowth in response to larval feeding damage. This root growth helped to neutralize negative physiological effects on the plant resulting from western corn rootworm feeding (Riedell and Reese 1999) . In addition to root regrowth, the location of western corn rootworm larval feeding likely also had an effect. Western corn rootworm larvae usually feed on the root cortex without reaching the endodermis or the vascular system (Riedell and Kim 1990) . Therefore, flow through the vascular tissue should only be minimally affected, and this was previously documented by Gavloski et al. (1992) . Rootworm feeding caused dramatically less water deficit stress than mechanically pruned roots when each appeared, to the human eye, to have caused a similar amount of damage (Riedell 1990 , Gavloski et al. 1992 . Overall, root regrowth triggered by larval feeding and the avoidance of vascular tissues during feeding may explain the reduced stress for plants experiencing both soil water deficit and moderate rootworm infestation (Fig. 5 ).
Both water potential and stomatal conductance measurements have been correlated with drought. In general, it would be expected that stomata should close under water deficit (Taiz and Zeiger 2002) . In Experiment 3, stomatal conductance was affected by soil moisture level, sample day, and the interaction between these two factors. The effect of sample day can be seen with the stomata almost completely closed during the last three sampling days (Fig. 6) . Unexpectedly, the stomata were closed for all plants under all moisture levels and infestation levels (Fig. 6 ). Stomata would be expected to be open for the well-watered treatment (MacRobbie 1998 , Schroeder et al. 2001 , Taiz and Zeiger 2002 , and we do not fully understand why they were not. It is possible that western corn rootworm feeding decreased stomatal conductance. Riedell (1990) documented that stomatal conductance decreased in infested plants under adequate soil moisture. However, we do not have a good explanation for why stomata were also closed for the well-watered treatment without rootworm infestation. It should be also noted that many of the plants in Experiment 3 were infested with spider mites before we ended the experiment. It has been documented that spider mites can cause a significant reduction in stomatal conductance of soybean when under soil moisture stress (Haile and Higley 2003) , and spider mite populations typically increase under drought stress (Gillman et al. 1996) . Accordingly, spider mites may have confounded the stomatal conductance results.
Another complexity of the current experiment was the observed effect of soil moisture on western corn rootworm growth and development. Soil moisture level, infestation level, trial, and all interactions significantly impacted the number of larvae recovered in Experiment 1. Significantly fewer larvae from the high infestation level were recovered from very dry soil than from moderately dry or well-watered soil ( Fig. 2A) . Larvae from the high infestation level were also smaller than larvae from the low infestation level (Fig.  2B) . Apparently, the stress from larval competition for food ( Fig.  2B ) combined with water stress caused significant mortality of neonate larvae at the high infestation level ( Fig. 2A) . MacDonald and Ellis (1990) also documented that neonates are impacted by dry soil. Second-instar larvae are more tolerant of environmental stresses (Olmer and Hibbard 2008) , and in Experiment 2, only infestation level (not water deficit) impacted the number of larvae recovered when larger, more tolerant second instar were used (Fig. 4) .
Although we have documented interactions between soil moisture and western corn rootworm for the number of larvae recovered in Experiment 1, we did not document any interaction for the traits associated with maize growth such as leaf water potential, stomatal conductance, shoot dry weight, or root dry weight. Experiment 3 was added and designed to better represent field conditions to more effectively observe the accumulated effect of western corn rootworm feeding on maize growth and development through to grain fill. Eggs were infested rather than larvae to simulate the broader egg hatch time frame that occurs in the field. Typically, egg hatch in the field occurs over a period of up to 35 d (Musick and Fairchild 1971) . Soil moisture regimes were initiated later, as would more typically occur under drought conditions in the field. Soil temperature is the predominant factor affecting eggs hatch time and larval development (Levine et al. 1992) .
Under the conditions of the experiments, no interactions between western corn rootworm infestation level and soil moisture level for maize measurements were recorded. However, there were significant effects on western corn rootworm such as larval recovery. Overall, drought had a much greater effect on maize performance than western corn rootworm, even when both were present. It is possible that interactions of western corn rootworm and drought that might, in fact, occur in the field cannot be duplicated in the greenhouse with a single maize hybrid. It is also likely that soil moisture can play additional roles not evaluated here with some western corn rootworm populations. For instance, in Mexico, egg diapause of the western corn rootworm and its subspecies the Mexican corn rootworm, Diabrotica virgifera zeae Krysan and Smith, occurs during the dry season (Krysan et al. 1977 , Branson et al. 1978 . Following a dry-quiescence, synchrony of egg hatch is triggered by soil moisture, which also coincides with planting time for maize ( Meinke et al. 2009 ). Many factors affect maize and western corn rootworm performance such as plant tolerance for both drought and western corn rootworm. Further investigations will be done in the field to study the effect of western corn rootworm and drought on the performance of maize using maize hybrids with and without tolerance for drought and western corn rootworm.
